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‘1’his paper presents lhc current status of both continuous and periodic oJmration  sol-ption
cxyocoolcr  ctcvelopment for astrophysics missions requiring cooling to 10 K and below. l’kse
coolers are uniquely suited for cooling detectors in p]anned astrophysics missions such as the
1 kploration  of Neighboring Planetary Systems, the Next Generation Space “1’elcscopc,  and
l)arwin. ‘J’he cooler requirements imposed by these missions include ten year life and the ability
to scale designs to provide only a few milliwatts of refrigeration while consuming only a few wat[s
of input power. in addition, the IlxNPS and l)al-win  missions add stringent I-cquirenmnts fol- zcJ-o -
vilmtion and zero l~M1/llMC operation.

Spaceflight  test resu]ts are summarized for the ]Il”il]iant  l~yes ‘1’cn-Kelvin Sot-ptic)n  (:ryocoolc[-
1 [xpcrimcnt.  I’his periodic operation sorption cooler  is ideal for app]icat ions that require only
intcmittcmt  operation at 10 K with quick cooldown  capability (undm 2 minutes). ‘J’hc cxpct-iment
successfully proviclcd  ftight  characterization of all sorption coo]cr clcsign  pa[-anmtets which might
have shown sensitivity to microg[ avity effects, F’u]l ground  test pcrfomancc  was achicvcxi with
no indications of microgravity  induced changes.

Ground test results from a continuous 25 K cooler planned for usc in a long duration airborne
balloon experiment are also presented. This 25 K cooler, which is in final integration and test, can
[m used as an uppel” stage for a continuous 10 K sorption cooler, Similarly, the potential bcmfit$
of using a 10 K sorption coo]er as an upper stage for a 4 K cooler are also c{escl-ibcd.  l~il~ally,  a
NASA progl-an] to dcvclc)p 30 K, 10 K and 4 K vibr-ation-f(  cc coolers for astrophysics missions is
outlillcd; which is p]anncd to start in l~Y 1997,

‘1’hc heritage provided by the many succcssfL\l  rlcwal- cooled missions (c,g, 1 S0, 1 RAS,
(;01311,  and the now underway WIRE and S11<’1’1/)  has enabled the serious consi(tcl-ation and
dcvclopmcmt  of a new generation of actively cooled space illStl”LIINCllt  design concepts, ‘1’hc



interest in cryocoolers  being shown by the designers ofthcsc  missions is a result ofthc substantial
‘maculation of c[-yocooling  technologies, which has occurrccf  over t he past t en years, arid of” an
inclcasing  awareness within the scientific cornt]lunity of the potential benefits ofl’crcd by these
tcclmologies,  “1’hc utili7jatiotl  of long life cryocoolcrs  allows mission cfcsigncrs to cool laI-;gC
f’ortnal detector arnys during tcn year n]issions. ‘Ihc volunlc  atl(i mass saved though  the usc of
nctivc  COOICIS  in combination with passive radiators cnab]c mission designers to pack Inuch larger
telescope apcrlurcs  into a given launch vchiclc than would bc possible in a dcwar cooled mission.
‘[’INs, many ofthc  missions that launch aficr 2005 will incorporate cryocoolcl-s,

Astrophysics missions, now in the early design phase of dcvclopmcnt,  which incotporatc
long-life, vibration-free cryocoolers  inclucfc  the l:xJ]loratiotl of Neighboring l’lanctat-y  Systems
(lkNI)S),  the Next Generation Space ‘1’clescopc  (N(3SrJ’) and I)arwin, III addition to these
precision pointing missions, mocicrate resolution missions such as Y’] 1<S’1’  and COlll{AS/SAM 11A
arc incorporating low-vibration c[-yocoolcrs. ‘1’his paper gives a discussion) of the state-of-the-art
in soi-ption cooicr tcclmology  and how rcccnt  work in the fteld is being directed toward the goal
of pro(iucin:  sorption coolers for fllturc spat.c based astrophysics missions.

Most of the mission concepts Jlow under devciopnlcnt  will, for scientific, and cnginccrin~~
lcasons  first pointed out by the F, DISON tcam,l o p e r a t e  in thct-mally  actvantagcous  olbits,
Ot)sctving strategies and tclcscopc/spacecraft configurations arc being clevclopcd to f~llly  exploit
these otbits,  which place all of the -300 K devices and stmcturc together on a warm spacccraf(
bus oriented towards the sun and earth. ‘1’he cold tclcscopc  and scictm instruments arc I-cmotcly
Iocatcd from the warm spacecraft bus and thcrmaily  isolatccl by several racfiativc  surfaces. ‘l”his
cmablcs  optical stt-uctures to be radiatively  cooled as low as 20 K without the use of coolcI-s or
dcWars.2

While passive radiative cooling is very cflcctive  when providing environmental shicl(iing of
cxtel]dccf  structures and optics, it is of[en not very effective for absorbing actively genc[atcd loads
(c,g, electronics, high bandwidth actuators, and clctcctors)  at temperatures bc]ow 50 K, l’ypical
1 c.quirenlcnts  for astronon~ical telcscoj>e  applications which require active rcfrjgcration incluclc
cooling at onc or nvxe of the following tetnperaturcs:  apprc)ximatcly 25 K for high bandwidtti
actuators, lnSb, and QWI[) detectors; between 4 and 8 K for Si:As 11113  arrays; at 4 K fo]- Si:Sb
111 [1 arrays, S1S hctcrocfync rcccivers and for (hcrmal sinking of nlagnctic,  dilutiorl an(i 1 lcliutn-3
COO]CI-S used to cool bo]onlctcrs  to 0,1 K.

Several of the more challenging rcquircmct]ts far active coolers al-c well illustt-atcd by the
IIxNI’S  mission. ‘1’hc J:xN1}S program is tasked to cfctcct, ima~c,,  ami chalactcliz,c  plal]cts  a]-o~]nd
other solar systems, I’hc I;xN1)S J)]anct  f~it~clcr  Al-ray (J)17A)  consists of foul 1,5 m te.lcscxyms on
a 75 m baseline, passively cooled to 30 K, which arc opctatcd  as a nulling il~tet-fctol~~ctct,  a bcatli
combiner that is also coolcci to 30 K, and a clctcctol-  that is coc)lcd  to 4 K. ‘1’hc I)J~A, along with its
spaccc]-aft  bus a[ld connecting structure, will bc launched out to 5 Al) usin~ a \~ctll!s-I  lzlrtll-]:,at”t]l
ut-avi[y assisl trajectory on its nine year mission. ‘J’hc J’I;A tnust fit within an Atlas IIAS shroud
~\.65 ‘m dialnctc]- by 9.4 Jn loJ~g with S,3 In of the ]cngth tapering to a 0.81 m diameter tip) all(]
within a lift capability of oJIly 1824 kg. l)uc to the long duration c)f this tnission, initially
un~dvorablc  thcrtnal  cr]virontnent (especially during Venus flyby), and Iinlitcd  launch vchiclc
shroud vohmc  and Iifl capability, it is not feasible to use a dcwar to supporl  this n]ission.

‘1’hc J~,xNl)S J]I~A is (iesigncd to operate at 10 Inic[ons with a 200/0 bandwidth); using
dcstrmcjtivc  itltcI-fct-cncc  to ‘remove’ the light from the ccrltral  star, which is 1 ,000,()()0 tirncs
b[ightcr thar~ an cal-th-like planet woulci bc, Cotnbit~it~g  the high resolution of this al-ray and the
need to null tf]c target solar systclm central star leads to a pointing rcquircnlcnt  ~~f appl’oxilnatcly
1 ()-6 arcscconds.  Stirling and Pulse ‘1’ubc coolers, or coolers using similar compressors, can not bc
usc(i  to actively cool the F,xNJ)S PFA focal plane as the ]-csidual  viblation
conlpt cssor axis is typically 0.25 N despite 9’1’ harmonic vibration nulling

J~CI”llCtlC~iCL]l:ll”  to the
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better than this, three axis stabilization actuators would have to be incorporated into the

(X) IIIp I-CSSOI anc~ cxpatdcr,  along with redundant  actuators. I)ue to the high din;cnsiona]  slabilit~;
. , l-equil  cinents  (- ] 0-1(1 m), stritlgcnt pointing requitenmnts,  atd  the clifflculty of intc~l-atillg  this

assmnbly into the beam conlbiner,  use of these coolers is not ciecnmi feasible
‘1’hc solar array for this n~ission  nlust be sizeci  to enabic observations at 5 ALJ wilcn powel- is

25 times tougher to come by than at 1 AU. ‘1’hcrefore any cooier incorporated into tile I!xN1)S
(icsign n~ust have very low power rcquirenlcnts. ‘1’0 achieve tilis  requircvncnt, ti]c cooicr  nlL]st lx
capabic of taking fllil a(ivantage  of the favorable thermal envi[-onnlent enjoye(i  (iuring observat  iotls
an t i  to scale down to a siz,e  conmcnsurate  with t}lc I\xNPS PFA mission (ictector  c o o l i n g
lequirmncnt  of approximately 5 n]W at 4 K. An additional stl ingcnt  rcqui~cnlcnt is in~poscd by
the (icsire to do spectroscopy on the detected neighboring pianetal-y  systcnls. in this cqmational
lnocic,  the final  signai  is nleasu[-ect in ciectlons  pet- hour. As a resuit, esscmtiaiiy  no cooicr  induced
l{ Mi/JIM(; is acceptable.

only sorption cooicrs  can nvxt the str-ingcnt  combination of life,  vibration, mass, voiunlc
power, and IIM1/JIMC rcquit-en~ents posed by missions such as the IIxNI)S P1’A.
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Sorption ‘1’c.chnology  Summary

Sever-al review papers have been pubiishcci  which describe the history and basic concepts
bchinci  the various kinds of soq~tion  cooicrs.4S only a brief sun]nlar-y wiii be pl-ovi(ic(i  in this
paper,

SoqJtion  coolers are compl-iseci  of a sorption compressor, containing a sot-bent lnatcl-ial, and
a .Jouic-rl’honlson  (.J-rI’) expander, ‘1’hc refl igcrant is selected to corl-cspon(i  with the I ccluir-cci
cooiing  tcmpcraturc and the sorbcnt nlateriai is selcctcd based on the choice of refrigerant an(i the
avaiiablc thermai environment. Cooling between 30 K an(i 8 K is aci~ievcxi  by usc of nlctal
hycil-i(ics  as the sorbcot  nlaterial  and hydrogen as the refrigcra~]t, Cooiing  at 4 K an(i below is
achicvcd  using activated charcoal as the sol-b cot aod helium as the refiigel-ant,

IIuring operation ofthc cooler, conywesscd  refrigerant, desc)rbcd by a heated sol-ption  bc(i,  is
cxpat]clcxi  through a J-”]’ orifice to create a gas/iiquid refrigerant nlixture, ‘I”he ]iqui(i  evaJ~orates  as
it absorbs heat fronl the detectors and is then absorbed and rcprcssu~ized  in a coo] bc(i, thus
creating a fllliy  wvcrsible  closc[i-cycle  systcm, IMe to the physiex of the sorbcnt  tnatcriais,  tile
conl~)msols work nmst efllcicntiy when operated over a large pressure ratio at low mass flow
I“atcs. I’hc conlbination  c)f a sorption compressor with a Jouic-’l’hon~son  cxpan(lc[ ])rovidcs a
cooler, which c)pcratcs without colci moving parts and has a capacity that can be scaled Iincarly to
bciow 1 rnW, All of the sorption ayocoolcr  (iesi,gns  being mnsi(icrui  for fllturc astrophysics
lnissions utilize passive raciiativc  cooling at between 50 anti 65 K to prccooi the refrigcl-ant gas,

1)

2)

3)

4)
5)

lksign chamctcristics  of sorption coolers which are important to nlission (iesigners  inc]u(ic:
‘1’hc ability to locate all warm conlponcnts  directly on the prcfcrrc(i heat rcjcctiol]  surfaces to
bolll nlinimizc systcnl mass, sinlplify  the nlcchanical dcsiggl,  at~ci to prevent thcrjnai parasitic
il~to the passiveiy  cooicd  regions of the tclescopc;
Minimizc(i  cryostat size to simplify integration into the complicated final  beam conlhincl  ol-
focai plane asscn~bly regions;
i)itncnsional  stabiiity of order the amplitude of Iatticc vibrations in a sin~plc biock of stainless
steel at ambient temperature (i.e. no vibration imposed beyoo(i  that nol-mal  to a passive piece
of stainless);
Yc[o liM1/J{M(; cflkcts on the science instruments;
1 ‘.x11 cmely low power usage. ‘J’his c a n  bc achicwcci  till”ough  taking  fhii advanta,qc of the
thermal environment to nlinimizc eovironnlelltal loacis,  intercept para~tics,  and to p~CCOOi  the
rcfi-igcrant.  Conlbining  the aggl-essive  use of the thermal en;ronmcnt
iillcarly  scale the size an(i thereby the input power to the cooler results

with the abiiity  to
in cxt[-emcly  smali



systm power requirements. Predicted rule-of-thun~b pcr-formancc ranges for coolcIs
pl-oviclinS  less than 100 nlW of’ cooling and cicsigncci  for flight arc:’

a) 300-400 WiW at 20 K
b) 700-900 W/Wat9K
c) 3000-5,000 W/W at 4K

f<ccmt advances have substantially in~provcd the flight readiness level of sorl>tion
technology. A cooler developed for periodic operation was ilcwm in space in May, 1996 on the
space shuttle }lndeavour  as part of the S’1’S-77 nlission.  ~’his IIrilliant F,ycs ‘1’cn-Kelvin So(ption
Crx)lcr I“kpcrinlcnt (BH”J’SCI{)G’7 cxan~ined  ail of the design c.haraeterislics  which could bc
afi”ccted  by the nlicrogravity  environnlcnt. “1’hc resulting flight dataset provides flight validation
hr the design of fl]ture periodic and continuous sorption coolers,

A continuous operation 25 K cooler is being developed for the l-University of (Ialifol-nia  at
Sal~ta  IIarbara (LJCSR)  ],ong Duration IIalloon (1 ,1)11) experinwntx.  l’hc 25 K 1,1111 c.oolel-  is the
fimt hyciIicie  sol-ption cooler 10 help ‘do’ scicncc instead of ‘being’ the science. This single-stage
COOICI-  was cicsigneci  to robustly achieve stable pcl-fomance
contanlination  tolerance.

while dratnatically  in~provif]~~

SIImn Iary of lllIXSCIC Flight Results  and Accotllj]lislill]cllts

flI;TSCI;,3’4  shown in Figure 1, is a periodic operation c.oole]-  developed to achieve a cold
cnd tcn]pcraturc  of less than 11 K in under 2 n~inutes  fron~ a starting ten~peraturc  of 65 K. ‘] ’l}is
cxpcrilncmt  was flown on the space shuttle Itndcavour  during the S“1’S-77 n~ission  which c)ccxlrml
in May, 1996. As the first hydride sorption cooler flight experin~ent,  it ofl’c]-ecl  a unique
opportunity to nleasure  nlicrogravity  cfiects on a wide variety of pcl-fornlance charactcl’istics.

“1’hc  in-flight perfornlance  of IIEI’SCI1 has conlp]ctely valic{ated  the usc of hydricic  solptioli
coolers in space as JIO on-orbit degradation was foun(i, As shown in I;igure 2, the cooler
suc,ccssflllly  achicvcd  a cold tip tcnlperatu]-e of 10.3 K ill less than two nlinutcs  fron~ an initial
tenlpcraturc  of 70 K, The cooler J~rovided 100 n)W of cooling fol’ 10 nlinutcs. ‘1’his excccdcd  the
1111’1’S(;11  pcrfornlance  goals. IT] addition, a total of 8 quick cooldc)wn  cycles to liqui(i  hy{irogcn
tcnlpcraturcs  were acconlplished,  achieving a nlininmn]  tcnlperatu(-c  of 18.4 K. A total of 18
coln])ressor cycles were cornp]eted and the ability to rcpcatab]y  achieve the 10, 1 Ml)a high
J~rcssurcs achieved in ground testing was successfhiiy dmnonstrated.

‘1’110 nleasureci  nlicrogravity  effects on characteristics of interest to all sorption  cooiel
(icsigncrs were:
1)

2)

3)

1 aNil,xSnl,,z  and Y,l-Ni hydride powcicr  themal  conductivities  wm c perhaps the nlost inlportant
properties to characterize weli.  ‘1’hc in-flight con(iuctivitics  were dctcrnlineci, fr onl the r-ate of’
absorption and the absorption pressure, to have been i(icntic,  al to those nlcasure.ci  in a one-f+
c:nvirc)nnmlt.
Supcrcooiing  of the n-hexaciccatlc phase change materiai in the l;ast Absorber Sorbcnt  l]c(i  is
ilnportant  to nlost pcliociic  ope!-ation  cook designs aid to some continuous cooler cicsigns,
No change in its cxpccte(i  291 K n~eiting  tcn~perature  was observed,
‘1’im abiiity  of the cryostat licluid Iescrvoi[ to separate and retain botil iiqui(i  and soli(i
hyriI-ogcn substantiality afl’ects  cooler capacity anti tcmpmaturc  stabiiity,  As,ain, no acivcl-se
mic[ogravity  dl-ects  were observed in the cryostat col(i hea(i.
1 n sun]nlal-y,  the III~rl’S(E flight data shows that no additional design mat-gin  is rcqlli[-c{i  to

(icsign a i~ydride  sorption cooier for space missions in a(iciition,  1111’1’SCE  clear-iy cienlonstratcxi
the feasibility ofsucccssfldiy dcvcioping  and flying a sorption cryocoo{er in space.

“ ‘1’JIc  cstinlatcs arc based on a 60 K prccooling  tclnpcratLlrc  and (icsig~s  incol-porating  full iligl~t  nlld
~,roand test safety Inarp, ins. “1’hcrcforc, a 5 nlW, 4 K cooler can bc built for fligt]t ~vl~icl~ rcquiws  Icss than
2,5 W of i]lpllt po~vcr. $lin]ilarly,  a 20 mW, 9 K rcclairwncat  can bc met \\ith ICSS than 1 K W of il}put
po\vcl
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St:~tus of 25 K LJCSII Iiong  Dutmtion llailooII  C;ooler

A continuous operation 25 K single-stage cl-yocoolcr, shown in l:i~urc 3, is currently in final. .
intcgl ation and test at JPL in support of the first [Ollg-duration ba]]oon cxperinlcnt  to ]ncasu[-c
anisotmpy in the Cosmic  Microwave Ilackgrouwi  radiation (CM13). “1’hc 25 K 1,1)11  cooler is
cicsigned  to provide 480 nlW of refrigeration using a measured 220 W of input power.
l+ ccooling  of the hydrogen and tlvmnal shiel(iing  of the focal plane is providcci  by two Sunpower
Stirling cryocoolcl-s, ‘1’hc final integration and perfcmmance testitlg  of this cooler will bc
conlpletect in fall 1996. IIelively  and integration of this cooler into the LJCSII ctewar package will
occur  late in 1996. ~’his  (JCSB 1,1113  expeJ-inlct~t  is schcciulcd  to fly over Antarctica fol- two
weeks in I)ccenlbcr, 1997,

Since this cooler is the first hydride sorption cooler to be used to help gathc[-  science  data,
othcv than on the performance of the hydl-ide  cooler itself, it is also the first to bc designed to
support science instrunlent  requirenlents, “]’he use of this cooler in the 1,1)11  expel-imcnt has
cnat)lect  the teanl at LJCS13 to I-ealize substantial nlission benefits by replacing their basc,linc,d 500
liter helium dcwar, l;uture planned one to three nlonth long flights would be ilnpossiblc \vitllollt
acti\~e  cooling,

I;or a balloon flight cxperinlent  sL]ch as I ,1)11, the prinlaly  requirement is to achieve reliable
and sak operation. ‘Ibis bas to bc achieved in tests conducted in a open lab etlvil-onincnt  by
people familiar with only the basics of cooler opcJ at ion, after t tanspor[at  ion anti test fligilts  in
Ncw Mexico or “1’exas,  and later t[-ansport  to, and flight in, Antarctica, At the conclusion of the
tcs[ ilights,  the bailoon  is scparatcxi  from the payload and the science instrument paraci~utes  to ti~c
cal-tll  fronl an altitu(ie  of approximately 40 ktn. ‘iihe lanciing is not always snlc)oth  and substantial
rcpai[s al-e of[en ]-equired  after tilesc flights. 11] recognition of the ri~ors this coolcI will bc
sut)jccted to, its design permits a]i of the nlajor conlJ>oncnts  to be isoiatcd  by han(i  valves; thereby
pcrnlitting  ~-enmval  and repair as rcquire(i. A(i(iitionally,  ali refrigerant sealir;g joints  alc wclctcci  t;)

]Cig,:11’c 3. “1’hc 25 K UCSII I,OIIg I)uration  IkLllooIl  Cooler is sho\vII  ivhml  asmmbly ~vas ncarl} GOIII
voii-  and J-T :Ittachcd,‘1’lK cryostat is to the right :IHCI is sholvn  without the flight liquid mscr



. support the high vibration levels and abusive handling cxJ>ectcd  during transportation and test
‘flights. Because ofthc overriding concern to n~akc the LJCS13’1 .1111 cooler  saf’e and rugged, it has
been bLiilt at a level equivalent to flight enginccrin,g,  nlodel hwdwarc. 1 Icncc, all of’ the nlatc] ials
selected, fabrication and asscnlb]y  techniques and cicsign  and safety margins arc consistent with
flight ilar-(iwarc  rcquirenlcnts.

‘i’hc nlost significant innovations in this efforl,  when conlparcci to previous sorption c,ooicrs,
alc in the nlatcrials sc]ection and fabl-ication  proccsscs  used to minimize contamination icvcls,
“1’ilc prinlaly  reliability concern for any J-T cooler is contanlination. ‘1’0 achicvc  i)igl) rciiabiiily

and to provicic  a better foundation for ftlt Llre  flight missions, the cooler str-ucturc was cntirciy
made of 3161, VI M/VAR stainless steei.  “1’he Dcpartn~ent of 1~.ncrgy’s  Anlcs 1,abo[at ol-y at lows
State lJnivcrsity  providcci  the I,aNi4.XSn~~,z ily(iri(ie  sorbcnt  with a purity level over 10,000  times
bct[cr than that uscci for fabrication of any sorption cooler bcfolc this. Asscn~biy of the cooler
was GondLlctcci  Cntircly in a purified and nlonitorc(i Argon glovcbox. vilCLIUlll  ]> UIIIP OLlt pOl”ts
wcr-c  provided to each volume within the refriggcrator.

‘1’i]c  cooicr  has scverai features incor-porate(i,  which shouici cnornlousiy  inclcasc  its toicrancc
to contanlination.  A 0.01 nlicron fiiter-  is placed at ti)c inict  of ti~c J-1’ expansion cicmcnt.  “1’hc
tmnpcrature  of the rcfiigerant  at ti~is point wiii bc aJ]proxinlatcly  35 K, At 35 K even i ppn] of air
constit  Llcnts,  sLlch as oxygen anti  nittogcn,  arc flozcn and can bc fiitcl-c(i  oLlt of the J cf’igcmill
stf-canl.  Porous piugs with a tiianlcter of approximately 0,2 cm are uscci for the act Llal expansion
Iratilct  than the <0,002  cm diameter orifices nvwe conmonly  chosen.

‘i’o rcciL1cc the cooier  nlass and power, novel, miniature 7,rNi hy(ir-idc  sohmt beds (O. 6 cm
(iian~ctcr’  by 2.5 cm long) arc used to activate the cmmprcssor  eicment  gas gap tilcrnlal switches.
‘1’hc other  novci features arc the inciusion a high prcssLirc refrigerant reservoir an(i a low pI-CSSLIrC
sorbcnt  bc(i to ensLlrc the 1 nlK/s stabiiity  of the cold tcnlpcraturc rcqLlirc(i by the [JCSI1
ra(ii(mletcr.

‘Ilis dcnlonstlation  that a hydride sorption tccilnology  can be f~lbricatc(i  in a lightwcigi~t,
intcgr-atab]c  package, and operate reiiably  ~cspitc  a chaiicnging  cnvirontnent  wiii sL1bstantiaiiy
advance the state-of-the art, ‘1’hc proof of detector conlpatibility,  as den~onstratcd  hy the quaiit.y
of’ tile science data gathered, and verification of cooler rcliabi]ity and ruggedness wiil substantiai]y
a(ivancc the heritage of sorption cooler devciopc.ci  fo] f\lt Llrc astrophysics n]issions.

{;ooling  to ‘1’cn Kelvin  and Below

(continuous operation expanders for use bciow 10 K with hydrogen, originally pI-oposcxi  by
Joncs,g are cu]”rcnt]y  un(icr active dcvciopmcnt.  As hy(irogcn is a so]i(i at this tcmpcl-aturc  with a
vapo I- pressure of oniy 1,9 torr, a novei cxpan(icr  is usc(i. 1,ongsworth  and Khat ri 1(]’ 11 rcccnt iy
ticscl  ibcd a successful laboratory test of such a device, opcl”ation of this cxpan(icr  is irlitiatcci  h}’
llsin:,  a stan(ial-d  J--l’ expansion tec.hniquc  to collect a snlall amount of iiq L1i(i hy(ilogcn  in a
rcscl voir. lf a punlp (or sorbent bed) is then useci to cvacuatc  the ]iqui[i rcscwoil  which has a
porous fiitcl-  at its exit, a soli(i is forrnc(i,  Stable continuoLls  opcmtion  is then achicvcxi: resulting
in a iiqui(i  l“cservoil”  with a tcnlperature  gl”a(iicnt  which tLll”ns  into a solid. As the soii[i sllbiin~atcs
tile ilCat  of fLlsion conducts back to the ]iqui(i reservoir to frcczc rcplaccmcnt  rcfri:crant  and the
heat of vapc)Ii7.ation  serves to provide uscfLli r-efiigcration, “1’csts cicluonstratcd  that this ‘g~iacicl
cooler’ opclatc(i  in a stable and repeatable manner at 9.7 K,

A minor variation of this device has been proposed by 1,. A, Wa(ic, wllicll  J>cltnits  two-stage
opclation of this COOICI. This can bc achieved through  either of the following two lnct i~o(is.  ‘1’hc
C(lncc.ptlla]]y  Silllp]Cl  of thCSe uscs a conlnlon high prcssLlrc  gas sLlpp]y which is rnanifo](icxi  into
two J-”]” expanders. Onc of these cxpancts to a standard two-phase gas/l iclLli(i  hy(ir-ogcn nlixtul-c.
‘1’ilc iiqui(i  llycirogen  is separated and retained in a wick to provi(ie  thcrrnai silici(iing  foi the cold
stage and per]laps to provide active cooling for dcviccs  as ncccicd.  ‘1’hc vapol-i~,c,(i  hy(ir-o~;c,n  fr oin
this rcsm voir is rcturncci to a conlprcssor  containing a nlcciiLlnl  prcssLlr  c Ily(i[-i(ic  so[-hcnt, SUCI] as



,,
1,aNi~,X  Sn0,2, at a nonlinal 0.1 Ml’a. The second J-”]’ expander is identical to the 1,ongsworth  anti
‘Khatri design. I’his reservoir vents into a low pressure liydridc sorbent  such as Z,rNi..

An alternate confi.gL1ration  would conlbine tbcse two devices by using a single J-3’ to torn) a
sin!glc,  and therefore common, liquid reservoir. “J”wo vents are provided: one to the mcxiium

pI CSSUI-C sorbent  bed and the other to the low pressure bed. A heat exchanger at the medium
pressure vent location is used to connect to a thermal shic]d abcwt the low temperature pal [ of the
cryostat.

4 K sorption coolers have been proposed for n~any  years.’? in the past howcwx the cooling
I-cquirmcnts envisioned were usually between 0,1 and 1 W. ‘1’be rcsLllting  power rcquirmncnt
quickly stopped the flll(k[”  development eflot”ts, IQxiuced cooling  requirements, coup]e(i with the
rcccnt availability of hydride sorption COOICIS  have nladc use of tbesc l~eli~llll/cllarc.o~~i  coolers
possible.

A typic,ai  three-stage cooler concept is to usc an activated charcoai, sLIch as Saran carbor],
coolcxi  to 16 K by the first hydri(ic  stage as the sorbcnt  nlate~-ial. ‘1’he higil  pressure hcliunl
rcfrigel-ant  is then prccooled  to 9 K using the second hydride stage of the cooler, l’o fLllther
inqwove efllciency  during dcsorption,  the charcoal conlprcssors are hcatc(t by the high prcssLll c
hy(il ogen rcfiigerant  to approxinlately  40 K.  I’his inqmwcs the ovwall  c o o l e r  cfllcicncy  by
i~mcoo]ing  the hydrogen rcfi-igerant  fionl the non~inai  60 K to 40 K theleby  increasing the atnourlt
of refrigeration per unit nlassflow in the fil-st  two cooling stages. “1’he  hydrogen gas n~anifolciinS
fbr acconlplishing  this can be done either by separately plunlbcd  lines which dil-ectly  connect the
app) opfiate  conlpressors  or through use of valves,

‘J’hc prinlary  ti~rLlst  for the continued dcvclopmcmt of sorption CI-yOCOO]CI- technology will be
pI oviclcxi  by a NASA ~o[ic X research and dcvclopn~cnt fLInctcd progl an~ p]annc(i  to stalt in l~Y
1997. “1’his cffol-[  will be focused on developing a scl-ics of vibration-free c[-yoc.oolcrs at 30 K, 6
to 10 K and 4 K in suppc)rt  of precision pointing NASA astrophysics nlissions sL]ch as 1 ;xNI’S and
N[iST. ‘1’bese ccva]crs  will be developed at an enginccl-ing  nmdc] level and intcgratecj into a scl-ics
of ctlallcnging  science experinlents  in a nlanner  jnlilar
Cfl’ol’t.

‘1’he qLlality  of the science data derived fiotn these
cl]attictcrizatiorl  of the ability of these coolers to
inst[-linlcnts,  ]Jollowing this path is considerably nlore

t: that followed in the-2< K 1,1))1 cx~ole[-

expcrinwmts will prove the nlost SII ingcnt
compatibly integrate with the scicncm

useflll an(i cost cflicctivc  than dcvclot]itlv,.=
sepal-atc]y the labo~”atory  fac”i]ities rcc]L1ireci, As an cxanlple,  integrating sL]ch a cooler with a[t
groun(i basc(i  in flrared interfcronlcter  provi(ics far nlorc useful infol n]at ion as con~parcxi  wi[li
cicvcloping a 30 piconlcter  cryogenic nlctrology  station for (iinlcnsionai stability testing in the
laboratory,

“1’ilc planncxi  I:Y’97 effort will start with c.on]poncnt  (ievclopnlcnt  to dct cf nlinc the two Inajol’
open issues wnaining  in sorption cooler- dcvclopnlcnt:
1 ) (’an a sorption conlpressor  operate with stable perfornlance  for tcn yCaIS  of contilluoLls

opcu atic)n?
2) (;an the continuous operation, sub- 10 K, hy(irogcn  sublinlation  cryostat cicvclopc(i  by

1,ongswoI-Lh an(i Khatri pl-ovi[ic stable long tcrnl cooling? An(i if so, at what i~lininlul~l
t cunperat urc?
It appeals that the last ren~aining  challenge to operating a hydl-idc  sorption conlpI-essoI- fl)l

tcn ycais  is cause(i by the slow disproportionation of 1 a from 1,aNio.~Sn~l,~  into I al 1? and sinlilzll  lY
of 7,1’ fronl 2,rNi into ~r] ] 1,5 to z, M&3 SUJ_i  Jlg the hCat of J“eact  ioJl of these pt”occsscs  wiii permit a
maxilnunl  temperature to bc selected at which the [lis~]l-o])ol-tior)atio~~  reaction will bc too SIOJV to
significantly afl’ect compressor performance over a tcn year pcrimi. Calculations by Wa(ic
indicate that this is so for 1,aNid,gSn,),2  when operating at a maximum tcmpcraturc of 480 K. ‘1’his
]OWCJ cd J]laxiJllLlnl operating  tcnlpcratLJrc  K!ciuces  t h e  m a x i m u m  Opcrat  ing pI”CSSUI’C  to 8 M ])a



froln the typically baselined 10 Ml’a, (lnce an accurate rncasurenlent  of’ these heats of’reaction
“with flight grade hydrides has been nladc, comprcsso]-s  will then unciclgo life testing to vcrif~ (k
stability predictions.

‘1’hc second nla]or issue, csyostat  n~inin~un~ ten~pcraturc  and tenqxxature ‘stability, will bc
add fessed though  dcvelopnlcnt  and testing of a series of two-stage cryostats at 10 K and hclow.
in gound  tests, the 1111’I’SW,  cooler and the Proof of Principle cooler13  both dcnlonstratcd
operation to 9 K. Neither of these COOICI- designs wcxc optinlizcct  for operation below the 1.9 to[-r
vapor pressure of 10 K hydrogen. “1’he 0.0018 torr, 290 K cquilibriurn prcssLlrc  of the ZrNi
sol-bent used in these coolers  is 70 tin~cs Iowcr than the. O. 129 torr vapor pressure of ncmnal
hydrogen at 8.11 K. It is therefore not unreasonable to think that operation to below 8 K is
possible for a hyclrogen solption  cooler at low refrigeration load.

“1’hc rcsLl]ts of these efforts will  then bc fcd into the dcvetopnlcnt  of a continuous sLIb- ] O K
Goolw which is planned to stal-t in I;Y 1998. “1’his eflor[ in turn will support  the flltulc
dcvclopnlent  of’s continuous operation 4 K cooler.

S[JMMAR}’

Most of the sorption cryocooler  cicvelopnlent  being actively pursued is focLlsecl  on coolers
which provide continuous cooling at tmpct-atures  below 30 K and at loacls  ofwcll under 0,1 \V.
‘]’hc sLlccessfLl]  flight of the JII~rl’S~}{ cooicr  haS C]ear]y  cienlonstrated  the suitability of sorption
tcchnojogy  for spaceflight  applications. The transition of these coolers fronl a ctevclopnlent  Icvcl
pfin]arily  concerned with technology demonstration to one primarily concerned with supporting
aggressive science missions has been initiated with the development of the 25 K I ;1111 COOICI-.

It seems reasonable that with the planncci  development efforts, sorption coolers will reach
maturation and, in
yet cjc)nccivecl,

RII:l~l~:l{lCNCICS

doing so, enable several ofthc  most ambitious and exciting scientific missions
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depending on (1IC mission and ins(rumcnt  payload size. ‘h Advanced Bus “AB600” structure has been selcclcd for
incorporation into the ssn ‘tcckrt’. Adwrnccd  BLIS  technology will also bc used for the EoS common spacecraft bus,
SMTS and the 12 proposed Odyssey personnel tclccoltlt!]llllic:]t  ions satellites. These spacecraft arc designed to survive
i)lanctary environments, including 100 krad total dose tolcrancc  considered sufllcicnt  for the 5 year MIRORS mission.

‘1’hc Ml RORS version of the A13600 spacecraft will bc three-axis stabilized with pointing accuracy of 1 arcminutc. The use
of a tip-tilt mirror for fine image stabilization enables the spacecraft pointing rcquircmcnts  to be considerably relaxed,
pcnnitiing  incxpcnsivc  and light momentum wheels to bc used for coarse pointing and slcwing.  Monopropellant hydraz.ine
thrus[crs,  Iocatcd  on the sun side of the solar shield, operate in a blowdown mode to provide the required Av for orbit
main[cnancc  and attitude control over the planned five year mission w’ith ICSS than 50 kg of propellant. Preliminary studies
indicated that there is little  likelihood of significant contamination buildup on the cryogenic surfaces duc to the shielding
provided by the v-groove radiator, the open nature and large area of the cryogenic surfaces, and the relatively high vapor
pressure of llydraz.inc propellant decomposition products.g If further study SIIOWS contamination to be a problcm,  altcrna(ivc
propulsion approaches can be used, such as nitrogen and hclim cold gas propulsion.

The sclcctcd MIRORS spacecraft bus will satisfy rcquircmcnts  for launch in either a ‘fitan 11 or Mcd-Litc  launch vchick?
fairing, A performance summary is provided in lablc 1. Spacecraft power is provided by a low cost sun-oriented silicon
array ancl a small battery (Ni Cd or NiHz)  for short duration eclipse periods and off sun-attitude operations. The solar array
is sized for operation at the maxinmm off solar axis angle. An 8 Watt x-band transmitter will achieve the required 50 kbps
tclcmctry rate ~vith a 0.5 m spacecraft antenna and a 10 m ground station. Twfo S-band onmi antennas arc used to provide
routine and contingency spacecraft control operations. A four Gb solid state rccordcr is base] incd. The on board computer
is a raciiation  hard 1750 A processor.

1.7 Mission operations and data handling
I,ong life operation provides both dilXcultics  and opportuni(ics  in the mission design. The challcngc  is to operate
incxpcnsivcly  enough that the fMl mission life can bc affordable used for the gathering of.scicncc  data.

Mass_ Sullwjary<kQ
Spacecraft Ilus  (including conlingcncy)
l’clcscopc/Radi  alors
I)ropcllan[  (delta v and a[tiludc control)
I’olal
1.aunch Vchiclc (Mcd-Litc, lunar (flyby) transfer to 10)
Miirgjn

215
300

50
56S
680
115

j@vcr_Su m ma_v..LWj
Spacecraft Flus (including contingency)
Paylond
‘1’otal  Spacecraft Po\vcr
Solar Arlay Output (Silicon, 4 n~2)
Margin

150
200
350
400

50

!’crf’IwMI!nc  S!m!]!a.g
Payload Mass
Payload Power
At[itudc  Control Pointing Accuracy, 3 sigma
At[iludc  Control Jitter, arc SCC, 3 sigma
IJownlink data rate
I)ata Storage

300 kg
200 w

60 arc scc
0.1 arc scc
50 Kbps

4 Gb

I’ill)lc  1. MIRORS  S~stc[]] Summaries



The commands required to slew lhc instrrmcnt  and for daily operation will be autonomously gcncratcd.  Aggressive use of
on-board processing using workstation class CPUS (e.g. (11c newly flight qualified RAD6000)  will permit real time
command generation for active pointing, slcwing  operations, absolute pointing knowledge generation, etc. The baselincd
l’R\V Acivanccd Bus spacecraft already incorporates a number of soflwarc features which greatly rcducc the need for an
cnginccring ground support [cam. A university class ground s[at ion with a 10 m antenna is envisioned to further rcducc
cxpcnscs.  WC estimate that  10 SSICSS compression of the krrgcst cxpcctcd  datasct  will  permit transn]ission  at 50 kbps in only
2 hours pcr day.

Uplinkcd  transmission will bc minimiz.cd. The environmental stability provided by this orbit enables the normal
l~ousckccping Inission  opcrat  ions tcarn to bc virt ually cli minatcd wit h only sofhvarc triggered cnginccring  support required.
A low lCVC1  of support for navigation and data rcccptionlcomnand  uplinks  will be nccdcd. Together with science team
support, \vc project [hat mission operations can be accomplished for under $2M pcr year over the 5 year projcctcd  mission
lifetime. A higher level of support during the first year will bc required for orbit insertion, initial system calibration, and
align  mcllt.

1.8 MI I{ORS sensitivity compared with other infrared instruments
\Viti} existing infrared detectors MIRORS will bc background limited by zodiacal emission. Figure 4 shows the photon flux
pcr square arcsccond  versus tvm’clcngth  for various backgrounds. The thermal background due to the optics of the telcscopc
is modeled as a grcybody (i.e. blackbody  assuming 3 pcrccnt cmissivity  optics). The middle curves labeled 20, 30, and 40 K
arc relevant for MI RORS. The curves labeled ZU ahd x~~~~ arc the thermal and scattered light components of the solar

Figure  4.
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Photon flux ncr souarc  arcsccond  vcrsms  wavclencth  for several background tmcs. The T = 270 K cunc  is only’
relevant for windows  where the atmosphere is partially transparent (20, 10, and <5 microns).



Sj’S(CIll’S  zodiacal  cloud. ‘llc  intcrscclion  of zh with the T = 30 K curve shows that MIRORS  is background limited by
thcrlnal zody below 30 microns.

The T = 270 K cum shows the thermal background for ground based lclcscopcs.  This is relevant for windows where the
at mosphcrc is partially t ransparcnt  (20, 10, and < 5 microns). l’hc advantage of cold optics in space is imtncdiatcly  clear:
the mdiacal  background limit is four to five orders of magnitude smaller than emission from a “warm” ground based
tclcscopc.

Nonuniformity ics in existing array detectors limit performance to 1 ‘Mo of background. New micro-scanning techniques
dcvclopcd for 1S0 improve performance to 0.1 YO of background, This sets a limit to the sensitivity of 0,5 pJy/arcscc2 at 10
]nicrons  (1 o). These values change by lCSS than a factor of 2 oul to 30 microns. The corresponding in(cgration  time is 110
scc for the MIRORS 5.34 III* cffcctivc  area and 20°/0 bandpass. AI 10 microns, IIIC instantaneous MIRORS beam is 0.5” x
0,5” = ().25 arcscc2, which implies a point source scnsi[ivity  of 0.125 }LJy. MI RORS’S  sensitivity is about a factor of 10s
bc~tcr than IRAS and a factor of 300 better than 1S0. It should bc noted that flat fielding performance in some current
op(ical and near infrared detectors approaches 10-5 of background If mid-infrared detectors can also bc made to work at
this ICVCI, Ml RORS’S scnsit ivity will improve by 2 orders-of-nlagnitudc for wavelengths shorter than 24 microns. At longer
Ivavclcl@hs,  the sensitivity is limited by the 30 K optics.

Es[imatcs  of confusion from cxtragalactic  point sources and struc[urc  in the galactic cirrus]o”  1 arc uncertain at these low
flux Icvcls.  Fhlrapolating  Gauticr’s study’z wc predict a confusion limit lCSS than 1 ILJy at wavelengths below 30 microns
cxccpt where the galactic diffuse emission is brightest. Extrapolation of 1S0 predictions’3 suggests that asteroid confusion
affects MI RORS mar the ecliptic plane (i 10°) for intcgrmion  times longer thrm 500 seconds (asteroids rnovc).  In sununary,
il appears that MIRORS may bc confusion Iimitcd in regions of bright galactic cirrus or by asteroids when near the ecliptic
plane, For ot hcr regions, Ml RORS will bc pattern noise (flat field) Iimitcd.  Results from near-tcrtn infrared missions like
1S0, and Ia[cr SIRTF, will greatly help to quantify these limils. However, it is certain that MIRORS will have a big
advanlagc  ol’cr smaller precursor tclcscopcs  in its operating wavelength range: both because high spatial resolution beats
doivlt  source confusion limits, and bccausc  of its lar.gcr  collccthg  area.

2. SMALL MISSION W? RS1ONS OF MIRORS

Wc have also considered a 2 m aperture version of MI RORS, which would provide a near term technical feasibility
demonstration for future JR Iclcscopcs  such as the Next Generation Space Tclcscopc (NGST), while still achieving superb
scicncc. As in the baselincd  Ml RORS mission, the tclcscopc  in this systcm would be pointed perpendicular to the
spacccri]ft/sut~ line to enable full sky observations. The tcc shaped primary would bc composed of two fixed segments, 2 m
by 0,5 m and 1,5  m by 0.5 m arranged with the WA in an off axis position located bctwccn the passive radiator and the
apcr(urc.  The only clcmcnt  of the optical systcm needing deployment would then be the secondary. Similarly, no
clcploylncnt  of the solar shield and passive radiators would be required in this smaller MI RORS. This permits the shields to
be incxpcnsivcly  made out ofshcct  aluminm.

l’his  small  version of MIRORS would still incorporate passive cooling to <25 K with active cooling of the FPA below 8 K.
‘1’hc 2 m aperture has a collecting area of 1.75 mz, ncar]y 5 times that of 1S0. Other important technical demonstrations
achicvcd  by this small version of MI RORS include active image Slabilizition  and tracking, compatibility of a low cost
commercial spacecraft bus with  a precision pointed astrophysics mission, nearly autonomous operation at ~, and optical
alignment }vith cryogenic set-and-forget actuators.

“1’hc primary accomplishment of an early flight of a spacecraft like this \vould bc the demonstration that high resolution
as[l-ophysics  can bc successfully accomplished \vitllin  a scvcrcly cost constrained environment.

3, CONCLUSIONS

Hy nature, the partially filled aperture mirror rcprcscnts  a hybrid bct~vccn normal filled aperture mirrors and intcrfcromctry.
The MIRORS partially filled aperture concept attrxnpts  to use n~odcst  extensions of available technology in a novel way and
[hereby offers a near term path to greatly incrcascd  spatial resolution. The ncw technologies incorporated into the MIRORS
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mission concept separate this etTort from previous studies such as the 1.arge  Deployable Reflector (1.DR). Provided
continued tcchrrical  dcvclopmcnt,  wc confidently model program costs for a 5 meter aperture mission in 2005 as being
within Ihc $200M cap assumed for this study. I’hc potcntia] to develop an inexpensive large aperture telescope
distinguishes MIRORS  as a unique tool for the cxplora(ion  of space in the post-SIRTF timeframe,

l’hc technical ‘tricks’ integrated into the MIRORS  design could cnab]c a tclcscopc,  wi[h an aperture the size of the Ilalc
Tclcscopc’s,  to bc flown in space in the reasonably near future at an affordable budget. It must be rccogniy.cd  that without
continued technology dcvclopmcnt  sc~cral  of the novel technologies outlined below will only be available as concept
clmonstrations  (lab toys). II is assumed that significant rcsourccs  will bc cxpcndcd  which results in functional flight-grade
harclwarc  being made available to future flight missions. The innovations incorporated into the MIRORS  concept which are
likely to bccon~c part of any post-SIR’l’F lR astrophysics mission include:

1. A tcc shrrpcd  partially filled array, combined ~vith inmgc  reconstruction techniques, to enable high spatial resolution
imaging at substantially rcduccd mass and volume.

2. The spacecraft configuration and thermal design innovations embodied in MIRORS rcprcscnt  a substantial cost and
]lmss  savings over the designs traditionally used. Operating at 1.2 enables a spacecraft design which places all ,of the warm
clcmcnts  together, facing the sun and earth to allow continuous power and communications, while permitting easy thermal
isolation of the cryogenic tclcscopc and elimination of the optical tube assembly. The spacecratl  configuration proposed
IIcrc, in combination with the choice of a Lissajous LO orbit rcprcscnts  a near-optimum thermal solution. Combining this
orbit  selection with inflatable v-groove radiators and solar shield, and vibration-free sorption cryocoolers  offers a wide
wngc of thcrmai  control opportunities to benefit other astrophysics missions.

3. Cryop,cnic  actuators enable incxpcnsivc,  low precision st ruct urcs and supcrllne active pointing. l’he usc of sct-and-
forgct  zero heat dissipation actuators for optical alignment, hugely simplitics  the task of cooling the optical structure.
Arguably, it is only with such an actuator that passively cooled PFA tclcscopcs are practical.

4, inflatable shields for blocking views of the cartldsua  and also for staged cryogenic cooling substantially rcducc  system
iiuiss al tl~c cost of additional settling time after slciving  between targets. }Iowcver, coupling inflatable shields with a long-
lifc mission design more than mkcs up for the loss of observing time.

s, Conlbining  a low cost commercial spacecraft bus with an active image stabilization and fine pointing device to enable
incxpcnsivc,  long-integration time imaging is pcrl]aps the most succcssfu]  of the proposed design techniques to reduce
s~stcnl  mass and cost. In particular, the actuated OfTncr relay solution successfully achicvcs  all of the performance
rcquircmcnts  for such a precision pointed imaging mission. In addi(ion. the relay enables simple and cffcctivc stray-light
control to be incxpcnsivcly  implcmcntcd.

6. I,argc Focal Plane Arrays enable high resolution, while maintaining a large telescope field-of-view. The continued
dcvclopmcnt  of such arrays (QWIP’S,  Si:As BIB’s and Si:Sb BIB’s) is central to all future infrared astronomy. Combining
Ihc usc of these relatively high heat dissipation arrays with active coolers enables long-life, low mass missions.

7, h4ission  operations arc greatly simplified by the sclectcd observing strategy, orbit selection and spacecraft configuration.
“1’hc stability of the resulting design enables many of the tasks  traditionally handled on the ground, such as thermal
[rending, to bc done autonomously wilh built in fail-safes used to alert the engineering team should an anomaly occur.
Similarly, Ihc observations arc done in such a constrained and predictable manner, that the detailed operating commands to
point frotn  target to target, image, and station keep can all be easily handled on-board, This kind of semi-autonomous
operation, which corresponds to remote observation with ground based observatories, will certainly become the hallmark of
spacecraft opcmtions in the early part of the next century.

4. ACKNOWI,EDGMl?N’I’S

l’hc support for [his study by Bill McLaughlin through JPL B&P funding is gratefully acknowledged, The authors also ivish
to thank Don Rapp (JPL),  Ray Garcia (JPL),  Martin Lo (JPL), Dennis Thompson (Kodak), Charles Lawrence (JPL), Doug



,.

..
Packard (JPL), Don Moore (JPL), Jeff Umland  (JPL), Tim Krabach (JPL), Mike Rcsslcr  (JPL), Simon Collins (JPL), and
Dana Ilachman  (Franklin and Mnrshall  College) for their subs[anlial  help and wisdom.

5, REFERENCES
-.——

1 }lawardcn,  “1’. G., Cummings, R, O., Tclcsco,  C. M,, Tllronson,  Jr. }1. A,, “Optin~iscd  R?diativc  Cooling of Infrared Space
Tclcscopcs and Applications [o Possible Missions,” Space Science Reviews, 61, 113-144, 1992.
2 Wilson, T. and Gcnbcr,g, V., “Enabling Advanced Mirror Blank Design Through Modern Optical Fabrication
Tcclmology,” Ad~’o.gccd.O~lj_c?l_Ma~~tlfacl~lril]~  and_ Tcslin~ IV, V. Dohcrly, ed. Procccdings of the SPIE, 1994.
311. Kadogawa, and L. Wade, “Scanning Offncr  Relay for Simplified Tclcscopc  Fine Pointing for Image
Slabiliz,ation,’’NASA  Ncw Technology Report NPO-19567,  NASA Tech l?ricfs,  60, June 1996.
4 Aulnann,  11. }1., Fowlcr, J. W., and Mclnyk, M., “A Maximum Correlation Method for lrnagc Construction of lRAS
SUwcy  Data,” Astronomical Journal, 99, 1674, 1990.
s C’ao, Y. Prince, I’.A., Tcrcbcy, S., and 13cichman, C. A., Publ. Astron. Sot. Pat,, 108, 535, 1996.
~ \Vadc, 1,, A., Levy, A, R., and Bard, S. “Conlinuom  and Periodic Sorption Cryocoolcrs for ]0 K and 13clow,” to bc
published in C’ryocoolcrs-9a  cd. by Ross, R, G., PlcnuIn Press, Ncw York, 1996.
7 Rard, S , Wu, J., Karlmann, P., Miratc, C, and Wade, L,, “Conlponcnt  Reliability Testing ofI.ong-Life Sorption
Ctyocoolcrs,” c~cgdcrs-8,  cd. by Ross, R.Ci., Plenum Press, 1995.
* \Vadc, L. A., and Levy, A. R,, “Preliminary Test Results For A 25 K Sorption Cryocoolcr  Designed For The UCSB Long
I)ura[ion Balloon Cosmic Micro~vavc  Background R~diation  Experiment,” to bc published in ~coolcrs-9, Plenum Press,
Ncw York 1996.
9 ]Ionig,  R. E., and Hook, H, O., RCA Review 21, 360, 1960.
‘“ }Iclou, G., and Bcichman, C. A. 1990, E~o$.~.Li~c Intcrnaljhal Astrophysical Colloq~liunu  Fronl Ground-meti
SpficeTBorne Sub-mm Astronomy, Liege, Belgium 3-5 July 1990, ESA SP-3 14, 117.—————
] 1 Gaulicr, T. N., Boulangcr,  F., Pcrault, M., and Pugct, J. L., AJ, 103, 1313, 1992.
12 Goulicr,  T. N., ~l~c&st_Sy!]!posi~lll]  on t hc In frar@_Cjrrus  and.~i~e~~s~cllar  Clolm, pASP VO1 5S, cd. R. M. C~ltri
and W. B. I.al[cr,  p 115, 1994.
‘3 IIelou, G. 1994, IPAC MCIIIO 94-1 S0-01


